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Abstract
 CaSiO3 nano ceramic powder doped with Pr
3+ has been prepared by solution combustion 
method.  The powder Ca0.95Pr0.05SiO3 is investigated for its dielectric and electrical properties 
at room temperature to study the effect of doping. The sample is characterized by X-ray 
diffraction and Infrared spectroscopy. The size of either of volume elements of CaSiO3:Pr
3+
estimated from Transmission electron microscopy is about 180-200nm. The sample shows 
colossal dielectric response at room temperature. This colossal dielectric behaviour follows 
Debye type relaxation and can be explained by axwell-Wagner polarization. However, 
analysis of impedance and electric modulus data using Cole-Cole plot shows that it deviates 
from ideal Debye behaviour resulting from the distribution of relaxation times. The distribution 
in the relaxation times may be attributed to existence of electrically heterogeneous grains, 
insulating grain boundary and electrode contact regions. Doping thus results in substantial 
modifications in the dielectric and electrical properties of the nano ceramic CaSiO3.
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1.  Introduction
Perovskite ceramics are widely used in various electronics and microelectronic devices.  
Traditionally, ferroelectric materials are used for the purpose of reduction in the size of 
capacitive components, offering an opportunity to miniaturize electronic systems. However, 
use of ferroelectrics is limited by the strong temperature dependence of dielectric constant 
near transition temperature TC.  In the recent years, a large number of non-ferroelectric 
materials such as CaCu3Ti4O12 (CCTO) [1-3], BaFe1/2Nb1/2O3 [4], LaFeO3 [5] and 
Pr0.6Ca0.4MnO3 [6] have been found to possess colossal values of the dielectric constant with 
a weak temperature dependence. Tsang-Tse Fang et al. have investigated the role of Si ions in 
the microstructure change, the electrical conduction and the dielectric responses of CaSiO3
doped CCTO [7].
It has been accepted that the large dielectric constant at room temperature, possessed by 
CCTO ceramic perovskites, is due to the Maxwell-Wagner contributions of depletion layer at 
grain boundaries or interfaces between the sample and contacts. This electrical microstructure 
reflects the microstructure of an internal barrier layer capacitor (IBLC), which acts as a 
passive element in the miniaturised electronic circuits. Grains, especially at grain surfaces, 
may show small variations in composition upon doping. Such variations are responsible for 
the characteristic properties of varistors and barrier layer capacitors. Impedance spectroscopy 
can reveal such compositional variations while it may be difficult to detect such 
compositional variations by electron microscopy.
N Tangboriboon et al have prepared CaSiO3 using eggshell and fumed silica by Sol-gel 
method and have observed high dielectric constant [8], whereas a different value of dielectric 
constant was observed for nano CaSiO3, prepared by solution combustion process in our 
previous work [9].
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In this work, we have examined the dielectric and electrical properties of Pr doped nano 
CaSiO3 ceramic to investigate the changes in dielectric and electrical properties upon doping.
2.  Experimental  
5 mole % of Pr2O3 was first converted into the corresponding nitrate by dissolution in 1:1 
dilute nitric (HNO3).  The product is then added to stoichiometric quantities of analar grade 
calcium nitrate (Ca(NO3)2 4H2O), fumed silica (SiO2 of 99.9% purity and  surface area of 200 
m2/gm) and  citric  acid (C6H8O7) (which  acts  as  a  fuel  for  redox reaction)  in  a  
minimum  quantity of  water  and  dispersed  well  using  magnetic  stirrer  for  half  an  hour.  
The  heterogeneous  redox  mixture  was  then rapidly  heated  in  a  muffle  furnace  
maintained  at   500 ± 10 °C.  The  redox  mixture  when  heated  at  500 °C  boils,  thermally  
dehydrates and ignites  to  yield  fluffy, porous  Ca0.95Pr0.05SiO3  powder.
The stoichiometry of the redox mixture used for combustion process was calculated using 
total oxidizing and reducing valencies of the ingredients which serve as numerical 
coefficients for the stoichiometric balance so that the equivalence ratio (c) is unity and the 
energy released by the combustion is maximum [10].
The powder was then sintered at 900 °C for three hours in order to attain a single phase. This 
powder was pressed (without the addition of any binder) into pellets for measurements.  The 
pellets were coated with silver paste for better electrical contact. The  dielectric  
measurements  were  carried out at room temperature  using  Hioki  impedance  analyzer  
3532-50 (Japan)  in  the  frequency  range  102 - 106 Hz  at 2mV applied potential.  Complex 
impedance, electric modulus and ac conductivity are estimated from the dielectric 
measurement data.
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The determination of inter-planar spacing, lattice parameters and hkl values etc. provide a 
basis for the understanding of the structure of the solids. In the present work, to characterize 
the powder, a powder  X-ray diffractometer  (Phillips  X’pert)  using  CuKα  radiation (λ = 
0.15405 nm) with  a  Ni-filter was  used  to  record the powder diffractograms. The  size 
distribution  of  the  grains  was  examined  by Transmission  Electron  Microscopy (TEM). A 
JEM 2000 Ex instrument was used to record TEM micrographs. Fourier Transform  Infrared 
(FTIR) spectroscopy was  used to study the effect of doping on the vibratonal bands of 
CaSiO3. An Alpha Bruker FTIR spectrometer has been used to record the IR spectra of the 
investigated ceramic powders. 
3. Results and Discussion
 For ABO3 ionic solids, the degree of distortion is described by the tolerance factor,                              
                                                                                                                  (1)                                                                                
where rA , rB and rO  represent ionic radii of A, B and oxygen ions respectively. The ideal 
cubic perovskite SrTiO3 has a tolerance factor (t) equal to unity. For distorted cubic 
structures, the value of t will be less than or greater than 1. Since CaSiO3 has ‘distorted cubic’ 
(monoclinic) structure, we get t = 0.673 for rCa = 0.099 nm, rO = 0.126 nm and                       
rSi = 0.111 nm. The substitution of Pr
3+ in the Ca2+site does not change the value of tolerance 
factor, as the ionic radius of Pr3+ is same (0.099 nm) as that of Ca2+. The sintering aid is not 
required for ceramic materials having the value of tolerance factor   t < 0.98, as observed by 
Abdul Khalam et al. [11]. However, when Pr3+ ions are substituted in the A-site (Ca2+-site), 
cation vacancies are produced in the perovskite structure. Obviously, the number of vacancies 
increases with increasing Pr3+ content. Pr exists in tri and tetra-oxidation states. Tri-oxidation 
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state is more stable than tetra-oxidation state. Hence Pr occupancy in B-site is unlikely and 
thus it replaces Ca2+ ions in the A-site. This substitution could reduce the oxygen vacancies 
by forming A-site vacancy and oxygen vacancy defect dipoles. This would increase electric 
displacements thus increasing the dielectric constant. 
3.1 Powder X-Ray Diffraction (XRD) results
The phase evaluation of the solution combustion derived products was examined by powder 
X-ray diffraction. The as-formed undoped and Pr3+ doped CaSiO3 products were amorphous 
in nature, so they were calcined at 900◦C for 3 hrs to get crystalline and phase pure products.
The powder XRD patterns of thus calcined undoped and Pr3+ doped samples are shown in
Figure 1. The undoped sample shows pure β phase with no other impurity peaks, whereas 
doped sample shows mainly β phase but with small number of α peaks. All the diffraction 
peaks match very well with the standard values from the Joint Committee on Powder 
Diffraction Standards (JCPDS) (data card No. 84-0655) which were readily indexed to 
monoclinic phase with space group P21/a.
3.2 Transmission Electron Microscopy (TEM) results
In the TEM image of Ca0.95Pr0.05SiO3 shown in Figure 2, the particles have been observed to 
be agglomerated, forming two volume elements of the sample. The size of either of these 
elements has been approximated to be in the range of 180-200 nm.                       
3.3 Fourier Transform Infra Red (FTIR) Spectroscopy results
The FTIR spectra of undoped CaSiO3 and Pr
3+ doped CaSiO3 powders have been  recorded 
to provide information on their structures (Figure 3). Both the samples show IR peaks at 471, 
508, 665,680, 904 and 964 cm-1 are attributed to the β –CaSiO3.  The absorption bands 
occurring around 415-600 cm-1 are due to Si-O stretching vibration and absorption bands in 
the range 750-1170 cm-1 are due to O-Si-O stretching vibration [12]. However the absorption 
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bands of Si-O vibration as well as those of O-Si-O vibration are observed to be more 
stretched in the Pr doped CaSiO3 spectra leading to the stress created on the bonds by A-site 
cation vacancies resulting from Pr3+ substitution in Ca2+ site.
3.4 Dielectric Studies
The frequency dependence of the dielectric constant and dielectric loss tangent for undoped 
nano CaSiO3 at room temperature is shown in Figure 4. A normal relaxation was observed in 
undoped nano CaSiO3 ceramic prepared by solution combustion method and no relaxation 
peak was observed in loss tangent plot versus frequency [9]. Thus the electrical 
microstructure of undoped  nano CaSiO3 is homogeneous and hence its dielectric behaviour 
does not follow the Maxwell Wagner (MW) relaxation. 
The variation of dielectric constant and dielectric loss tangent with frequency for 
Ca0.95Pr0.05SiO3 ceramic is shown in the Figure 5.  The dielectric constant of the sample 
decreases from a high value of about 7.5x105 to a value of about 4000 as the frequency is 
varied from 100 Hz to 6 KHz. The high dielectric constant at lower frequencies (below 500 
KHz) may be attributed to the presence of space charge produced due to electrode-sample 
contact and interface between the grains and their boundaries.  The dielectric behaviour of 
Ca0.95Pr0.05SiO3 ceramic has a Debye-like relaxation with a steep decrease in dielectric
constant at the frequency where the loss tangent plot versus frequency displays a relaxation 
peak. The Debye-like relaxation can be explained by MW polarization. The value of loss 
tangent has been increased at lower frequencies in Pr3+ doped sample compared to that of 
undoped sample, as the cation vacancies are produced by substituting Pr3+ ions in Ca2+ sites, 
in the doped sample.
 MW polarization arises as a result of different extrinsic effects resulting in the 
heterogeneities in the system. One common effect is the electrode-sample contact, where a 
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barrier layer with high capacitance in parallel with a large resistance is formed.  
Heterogeneities in the system, i.e., grain-grain contacts (grain boundaries) may also 
contribute to this [13, 14]. This high capacitance results in a high dielectric constant.
3.5 Impedance Spectroscopy 
Complex impedance spectroscopy is a non-destructive testing technique for analysing the 
electrical processes in a compound on the application of an AC signal as input perturbation. 
We have used Impedance Spectroscopy (IS) to establish the electrical microstructure of 
Ca0.95Pr0.05SiO3 ceramics.  The impedance response of a polycrystalline compound (when 
plotted in a complex plane) reveals the contribution from grain, grain boundary and electrode 
properties with different time constants leading to successive semicircles. IS can be useful to 
study the relaxation processes during the charge transport within the electronic ceramics [4]. 
In most types of the electronic ceramics, the relaxations are non-uniform which show 
distribution of relaxation times, so that a Cole-Cole type distribution prevails. 
The real (Z′) and imaginary (Z″) parts of the impedance are evaluated from dielectric 
measurements using the identities Z′ = Mod Z (CosΦ) and Z″ = Mod Z (SinΦ) and complex 
impedance plots are obtained. Figure 6 exhibits the complex impedance plot. 
In ceramics with conducting grains, grains are less resistive than grain boundaries and the 
electrode contacts. In other words the resistance and the capacitance of the electrode-sample 
contact and grain boundaries are always larger than those of the bulk grains. This effect may 
be explained on the basis of non-stoichiometric distribution of oxygen and the presence of 
dangling bonds on the grain boundaries and grain electrode contact, which act as carrier traps. 
This results in the formation of a barrier layer known as Schottky barrier for the carrier
transport. This thin layer of relatively large resistance offers higher capacitance owing to the 
inverse proportionality between the capacitance C and thickness d of the layer. This high 
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resistance and capacitance associated with the grain electrode contact and grain boundaries 
cause their response to lie at lower frequencies compared to that of grains [5].
If Rge, Rgb, Rg and Cge, Cgb, Cg denote the resistances and capacitances associated with grain 
electrode contact, grain boundaries and grain interiors respectively, then the impedance at 
room temperature associated with the equivalent circuit in the inset of the  figure 6 is given 
by Debye equation 
                                                        Z* = Z′ - jZ"                                                                  (2)
   where
                            (3)
                                                                                                                                                                                                          
and
                        (4)   
                                                    
The impedance response then may be described by the Cole-Cole equation rather than the 
ideal Debye equation. It is given by 
                                                                         (5)
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When α goes to zero, the equation (5) leads to the classical Debye behaviour. The exponent 
‘α’ represents the magnitude of the departure of the electrical response from an ideal 
condition having a single relaxation time. In other words, ‘α’ represents the distribution of 
relaxation times [15]. Considering the experimental features, the existence of the distribution 
of relaxation times is correlated to some semicircle depression degree. The magnitude of the 
depression is given by decentralization angle (β), which can be derived from the equation
                                                                                                                 (6) 
The Cole-Cole fit has been fitted for portion (a) of the plot in figure 6. A nonlinear fit using 
ORIGIN software is shown in the figure 7. The fit has been found to have a convergence of 
0.95. The fit parameters are the coordinates of the centre of the semicircle (xo, yo) and its 
radius r which have been obtained as follows.
xo = 2303.25 units, yo = - 2542.74 units  and r = 3937.16 units.
For an exact semicircle the centre lies on the positive X-axis, that represents ideal Debye 
relaxation. In this case x0 is positive and y0 is negative showing that the dielectric behaviour
of the sample is non-Debye type. The deviation from Debye relaxation is thus identified from 
the position of the centre of the semicircle.
The exponent α in this model is given by the equation
                                                                   (7)                          
where
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The estimated value of α is equal to 0.53. The value of β calculated using the equation (6), is 
found to be equal to 0.83.  This clearly reflects distribution of relaxation times in our system. 
The error bars in the fit represent the deviation of experimental data from the fitted values.
The phenomenon of distribution in relaxation times (α < 1) has been reported earlier for 
ceramics with perovskite structures [16, 17]. Nobre et al. reported that there is a distribution 
of relaxation times for β < 1.57 [15].  Thus the Cole-Cole fit shows a broad distribution of 
relaxation times due to both grain and grain boundaries and the part (b) (a tail like structure) 
in figure 6 represents the grain electrode contact contribution.
As a first approximation, these complex impedance plots (Nyquist plot) can be represented by 
the equivalent circuit models shown in the inset of the figure 6. Each contribution is 
represented by a parallel resistance-capacitance equivalent circuit corresponding to the 
individual component of the material i.e., grain, grain boundary and grain electrode contact 
respectively, from higher to lower frequency values in the anticlockwise direction.
The figure 8 describes that, the magnitude of Z´ decreases with increase in frequency 
indicating an increase in ac conductivity. A Debye like peak in the frequency dependence of 
the Z" in the same figure usually indicates the presence of space charges [18]. 
3.6 Conductivity formalism
The variation of ac conductivity versus frequency for undoped and Pr doped CaSiO3 is shown 
in figure 9. The conductivity of the system increases by orders of magnitude upon doping. A 
convenient formalism to investigate the frequency behaviour of conductivity at room 
temperature is based on the power law proposed by Jonscher.
                                                                                                    (8)                                                                      
where (ω) is the total conductivity, (0) is the frequency independent conductivity (dc 
conductivity), A is a constant which determines the strength of polarizability and ‘n’ is the 
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power law exponent that represents the degree of interaction between the mobile ions with 
the lattice around them.  Jonscher has shown that a nonzero ‘n’ value in the dispersive region 
of conductivity is due to the energy stored in the short range collective motion of ions. A 
higher value of ‘n’ implies that large energy is stored in such collective motions [19]. The 
value of n is 0.90 for un-doped sample [9]. With doping, the conductivity is found to increase 
as the grain resistance dominates over grain boundary resistance, and the value of n increases 
to 0.92.                        
 In a hopping model, it is possible to distinguish different characteristic regions of frequency. 
At low frequencies where conductivity is constant, carrier transport takes place in its finite 
paths due to non-localized carriers. In the region of frequencies where conductivity increases 
markedly with frequency, the carriers can hop only between two sites and a total response is 
produced by the sum of the individual responses of pairs of sites randomly distributed 
throughout the material due to localized carriers [20]. 
3.7 Electric modulus formalism 
The electrical modulus is the reciprocal of the permittivity   
                                                                                                               (9)
For a dielectric relaxation process, a relaxation peak appears in both M* and ε* representation. 
Comparisons of the ε* and M* representations have been used to distinguish localized 
dielectric relaxation processes from long range conductivity. Physically, the electrical 
modulus corresponds to the relaxation of the electric field in the material when the electric 
displacement remains constant, so that the electric modulus represents the real dielectric 
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relaxation process, which can be expressed as                 
                                   (10)
where                                                                                                                            (11)
is the asymptotic value of M'(ω) and (t) is the time evolution of the electric field within the 
material [21]. M′ and M″ are evaluated from the dielectric measurements using the following 
identities
                       and     
                                                                                                      (12)
M' and M" values can also be written in terms of resistance and capacitance as  
                                                               
                                                               
From equation (14), we can easily see that the response peaks of the grains, grain boundary 
and grain electrode contact effects occur in M" at frequencies,
                        ,            and        .                                        
(13)
(14)
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Since peak values are proportional to the reciprocals of the associated capacitances, the 
smaller capacitance should dominate in the electric modulus plots. The grains usually have 
smaller capacitance than the grain boundaries and hence their response peaks show up 
stronger in the modulus spectra [14]. The complex electric modulus spectrum (M′ versus M") 
is shown in the Figure 10. Here the single relaxation process due to grains is dominant over 
the contribution from grain boundaries and electrode-sample contact. The frequency 
dependence of M′(ω) and M"(ω) are shown in the figure 11. At lower frequencies, M′(ω) 
approaches to zero, confirming the presence of an appreciable ionic polarization at grain 
electrode contact and/or grain boundaries  [22].                    
The frequency region below peak maximum in M"(ω) versus frequency determines the range 
in which charge carriers are mobile on long distances. At frequencies above peak maximum 
in M", the carriers are confined to potential wells, being mobile only at short distances [23]. 
Since the grains, grain boundaries and grain electrode contact are not really ideal RC 
elements, we observe that the shapes of the Z″ and M″ peaks are broader than the Debye 
peaks. This broadening of the response might be due to an inherently nonexponential
processes such as correlation between diffusive motion of the ions or non-uniformities in the 
material microstructure. This leads in turn to a spatial distribution of local conductivities and 
electrical response times [14].
4. Conclusions
The colossal dielectric behaviour of Pr doped β-CaSiO3 follows Debye type relaxation 
analysed by Maxwell-Wagner polarization. However, complex impedance and electric 
modulus when analysed by Cole-Cole plots indicate a non-Debye relaxation process which 
may be attributed to distribution in the relaxation times. A comparison of the conductivity 
and the imaginary part of electrical modulus suggests that both long range and localized 
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conduction are responsible for dielectric relaxation. The sample thus exhibits electrically 
inhomogeneous grains, grain boundary and electrode contact regions. This is the desired 
electrical microstructure analogous to CCTO for IBLCs. Thus doping of perovskite ceramics 
appears to substantially modify their dielectric and electrical properties as evident from the 
present investigations. Doping offers an efficient and useful tool to engineer nano ceramic 
materials with colossal dielectric constant for specific applications. It would be interesting to 
carry out the studies on the temperature dependence of dielectric and electrical response of 
the same.
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Figure Captions
Figure 1  Powder XRD patterns of  (a) undoped CaSiO3 and (b) Pr doped CaSiO3.
Figure 2   TEM image of Pr doped CaSiO3 powder.
Figure 3  FTIR spectra of (a) undoped CaSiO3 and (b) Pr doped CaSiO3.
Figure 4 Dielectric constant and tanδ versus frequency for undoped CaSiO3.  
Figure 5 Dielectric constant and tanδ versus frequency for   Pr doped CaSiO3.
Figure 6 Complex impedance plane plot for Pr doped CaSiO3 (Nyquist plot) with the inset
            showing the  equivalent circuit.
 Figure 7 Cole-Cole fit of  Z″ versus Z′ for Pr doped CaSiO3.
Figure 8 Z' and Z" versus frequency for Pr doped CaSiO3.                
Figure 9 AC conductivity versus frequency for (a) undoped CaSiO3
              and (b) Pr doped CaSiO3.
 Figure 10 Complex electric modulus spectrum for Pr doped CaSiO3.
Figure 11 M' versus and M" versus frequency for Pr doped CaSiO3.
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Figure 1 Powder XRD patterns of (a) undoped CaSiO3  and (b) Pr doped
                              CaSiO3.
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Figure 2  TEM image of Pr doped CaSiO3 powder.
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                 Figure 3  FTIR spectra of (a) undoped CaSiO3 and (b) Pr doped CaSiO3.
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                    Figure 4 Dielectric constant and tanδ versus frequency for undoped CaSiO3.
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   Figure 5 Dielectric constant and tanδ versus frequency for Pr doped CaSiO3.
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  Figure 6 Complex impedance plane plot for Pr doped CaSiO3 (Nyquist plot) with the inset 
                 showing the equivalent circuit.
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                                Figure 7 Cole-Cole fit of   Z″ versus Z′ for Pr doped CaSiO3.
0 1000 2000 3000 4000 5000
800
1000
1200
1400
Z
" 
(o
h
m
s)
Z' (ohms)
Cole-Cole fit
Page 25 of 30
Ac
ce
pte
d M
an
us
cri
pt
25
        
                                  
                   Figure 8 Z' and Z" versus frequency for Pr doped CaSiO3.   
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                            Figure 9 AC conductivity versus frequency for (a) undoped  CaSiO3
                                       (b) Pr doped CaSiO3.
101 102 103 104 105 106
10-10
10-9
10-8
10-7
10
-6
10
-5
10
-4
a
c 
co
nd
u
ct
iv
ity
  (
m
ho
 c
m
-1
)
Frequency  (Hz)
(a)
(b)
Page 27 of 30
Ac
ce
pte
d M
an
us
cri
pt
27
                                 
                Figure 10 Complex electric modulus spectrum for Pr doped CaSiO3. 
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                     Figure 11 M' versus and M" versus frequency for Pr doped CaSiO3. 
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Figure 1 Dielectric constant and tanδ                               Figure 2 Dielectric constant and
               versus frequency                                                               tanδ versus frequency
              for undoped CaSiO3.                                                         .
                                                                                             for Pr dopedCaSiO3
Graphical abstract:
Figures 1 and 2 show the graphs of dielectric constant and tanδ versus frequency for
undoped and Pr doped CaSiO3 respectively. Here we can observe normal dielectric properties for 
undoped  CaSiO3, where as an unusual effect in dielectric properties for Pr doped CaSiO3.We have 
observed a colossal value for dielectric constant and a looss peak at resonant frequency for Pr doped 
CaSiO3.                                                                             
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Highlights:
CaSiO3:Pr3+ was prepared by facile low temperature solution combustion method.
The crystalline phase of the product is obtained by adopting sintering method.
Samples prepared at 500 0 C and calcined at 900 0 C for 3 hours showed β- phase. 
 The Pr3+ doped CaSiO3 shows “unusual results”.
The electrical microstructure has been accepted to be of internal barrier layer 
capacitor.
